Abstract The orientation distribution of fibres has an important impact on the properties of short-fibre reinforced composites. This article introduces a methodology for defining fibre orientations in steel fibre reinforced concrete (SFRC). The main method under consideration is the slicing, where two approaches are introduced, i.e. the photometric analysis and DC-conductivity measurements by a special robot. The advantage of presented slicing method is the fact that a combined analysing approach is utilized; DC-conductivity testing is joined together with the image analysis. As a result, significant benefits are achieved, e.g. the ability of measuring the orientation of an individual fibre, the measuring of the in-plane angle in the interval [0°, 360°]. An additional important aspect in the presented slicing method is the possible usage of the structural parts extracted from the full-size floor-slabs as specimens, as it is done here. The authors present the statistics of fibre orientations, which are based on the experimental data received by the application of the mentioned analysing approaches. The presented slicing method with its possible extensions offers possibilities to improve the quality control while producing SFRC products.
Introduction
Nowadays, the use of composites is increasing in various applications. Composites can be considered as innovative/ improved materials and, therefore, they hold primacy over the general ones. Cement-matrix composites can be taken as an example of many composite systems. These type of composites usually consist of cement-based matrix and various types of fibres. The main idea of adding fibres to the matrix is to improve its failure characteristics, i.e. turning them from brittle to more ductile. The fibres can be continuous or short, made of various materials [1, 2] (e.g. carbon, polypropylene, glass, steel) and also the geometry, in case of short fibres, may have different shapes (straight, corrugated, hooked-end etc.). The present article focuses on a problem associated with the use of concrete matrix reinforced by short hooked-end steel fibres (steel fibre reinforced concrete, SFRC). Recently, SFRC has become quite popular as a research subject among engineers and scientists [3] [4] [5] [6] [7] [8] . This trend is mostly connected with the aspiration to use it in different load bearing structures, which may lead to the reduction of the construction time.
The major role of fibres is to carry tensile stresses while the concrete matrix carries compression and transfers and distributes the load to the fibres. The effectiveness of fibres largely depends on their orientation relative to the principle tensile stress in a structure. The maximum efficiency is achieved, when the alignment of fibres coincides with the direction of relevant tensile stresses. Thus, the mechanical properties of SFRC are direction dependent and the latter one is inherent to anisotropic materials.
Within recent years many scientists have devoted their research and experiments to study steel fibre reinforced concrete [3, 4, 5, 7, 8, 9, 10, 11, 12, 13] . A lot of experiments were associated with the definition of composite strength characteristics, e.g. [9, 10, 11, 14] . There were also attempts to determine the orientation of fibres using different evaluation or measuring techniques, e.g. [7, 8, 9, 10, 15, 16] used photometric method, [6, 17, 18, 19] used electrical ACimpedance measurements and a magnetic method, [11, 20, 21, 22] used X-ray computed tomography. The outcomes of these studies have not led to theoretical models, that could give a quantitative assessment of fibre orientations. The missing theory with the lack of full-scale experiments are perhaps the main reason for the absence of consistent design rules for SFRC structures [3] . In the reference [14] the authors emphasize that their samples are not representative for the full-size elements, but have been chosen to emphasize the importance of fibre orientations on the mechanical properties, and that fibre orientations are related to the casting direction. In the earlier studies the casting is usually done under well-defined and controlled laboratory conditions. These differ from a construction site, where the casting depends on the technological process and is typically site-specific. All the mentioned suggests the need for more fundamental both theoretical and experimental research.
In civil engineering the use of SFRC is closely connected with the production technology. The stable technological process is usually linked to quality control. One of the components of such a controllable process in the production of SFRC should be the methodology for measuring fibre orientations. In the present article the authors present a progressive view on the well-known slicing method by introducing DC-conductivity measurements, which are combined with image analysis. The slicing with photometry has been used before for determining the orientation of fibres [8, 10] . Therein the precision of outcomes largely depends on the quality of specimens (e.g. polishing of slice surface) and the resolution of images. In contrast to these, DC-conductivity testing works on a physical phenomenon: as the fibres are made of steel they have a good electrical conduction. One of the problems to solve within this research was to find a possible way to combine the image analysis with DC-conductivity measurements. To accomplish this task, first the sample cubes were taken from the structural elements-full-size single-span floor-slabs-and onwards they were cut into slices. Next, the slices were examined using photometric analysis and afterwards a special robot has scanned the surfaces of one slice employing some data from the photometry. The scanning robot was built in order to measure DC-conductivity between the endpoints of the cut fibres. The outcomes received by both analysing approaches are interrelated as the photometry acts as the input for DC-conductivity testing while the latter approach improves the results of photometry.
Slicing method
Essentially, the presented method of slicing involves the handling of structural parts, which are cut into the slices. Experimental full-size floor-slabs were cast in a factory using a bucket. The concrete class was C30/37 and concrete was self-compacting, which means no vibration was needed. The fibres used had hooked-ends, the length of a fibre was l f = 50 mm and the diameter was d f = 1 mm (see Fig. 1 ). The material for fibres was rod wire (C4D or C7D steel according to standard EN 10016-2) and their amount per a cubic metre of concrete was 80 kg, resulting in about 250 fibres per dm 3 . Before extracting the sample cubes from the floor-slabs, the slabs were tested using a three point bending test. During these tests three slabs have shown approximately the same capacity (slabs 1, 2, 3) and the capacity of the remaining three ones (slabs 4, 5, 6) was lower (see Fig. 2 ). This behaviour could be explained either by the orientation of fibres or by the variations in matrix quality (e.g. the existence of air pores).
The dimensions of the tested slabs and sample cubes with the slices are presented in Fig. 3 . The sample cubes (H 9 W 9 L: 25 cm 9 30 cm 9 30 cm) were extracted from the slabs using a diamond saw. All together twelve cubes were taken. Six of them were sawn from the central part. The others were taken from the side of the slabs. This was done to detect the influence of the 'wall-effect' on the arrangement of fibres in the matrix, i.e. the tendency of fibres to align themselves with the formwork. Onwards, the sample cubes were cut into slices as shown in Fig. 4 .
Spatial orientation of fibres in spherical coordinate system
To determine the orientation of a fibre in the matrix the spherical coordinate system is employed. In spherical coordinates the position of a point is specified by three numbers: radial distance, inclination angle #, azimuth (in-plane) angle u. For the description of the orientation of fibres only two angles are used and the radius is not needed. The graphical representation of the orientation of a fibre based on spherical coordinates can be seen in Fig. 5 . The convention follows [23] , where also transformation rules to and from Cartesian coordinates can be found. Each fibre carries its own local coordinate system.
Slicing with photometry
When the sample cubes had been cut into slices the photos were taken from both sides of each slice. In the photos the cut fibres are visible as ellipses and circles. According to the geometry of the cut fibres it is possible to estimate their orientational arrangement [7] . The cut fibre's shape detection may be performed using an image analysis software. The idea to utilize the images of cut specimens to analyse fibre orientations in fibre reinforced composites has been used before, e.g. by [2, 7, 13] , by [12] , who used a Fourier transform, and by [17, 24] , who used image analysis on X-ray transmission images. Compared to those earlier studies, the method developed in this study is based on the structural parts extracted from the full-size members and the use of multiple slices close to each other, which are analysed to improve the statistics, in contrast to the singlepicture approach that is found in the literature [8] .
In the present research the image analysis was performed using the public domain software ImageJ [25] . A photo of a slice after its filtering with pseudo-flat-field filter [26] and cleaning in binary format is presented in Fig. 6 . The bright inclusions in Fig. 6a are the cut cross sections of the fibres. They have different geometry, starting from the circle and ending with elongated ellipse. As the fibres are cylindrical, which is a degenerated cone, then the intersection of a cone with a plane gives an ellipse as a closed curve. Thus, the shape of an ellipse can give an assessment of the inclination angle # as the ratio of minor and major axis. The in-plane angle u is measured between the orientation of the major axis of an ellipse and the horizontal coordinate axis. This direction is counted from 0°up to 180°degrees, see Fig. 7 . A detailed discussion on this theme including the graphical representations can be found e.g. in [27] . The measured direction of the in-plane angle u marks two points on a circle, one of which is determined by the angle u and the other is a mirror point. This property can be used in the density function of the angle u. There is no difference between u and u þ 180 and the data are just replicated from the values for the range of [0°,180°] to the range of [180°,360°]. Subsequently an interval from [ -90°,90°] (resp. [270°,90°]) with a single peak is analysed (shifted in-plane angle u). More detailed description of the replication procedure is given in [27] . The density distribution function is normalized.
The representation of measured orientation angles # and u is given in Fig. 7 .
Obstacle in slicing with photometry and possible solutions
As it was pointed out in Sect. 2.2, the measurement of the in-plane angle u is possible within the interval from [0°, 180°] only, and this leads to an ambiguity in the direction of a fibre. In more detail, this ambiguity can be formulated as follows: if the direction of a fibre has the u angle of 45°, then this cannot be distinguished from the fibre at the u angle of 45°? 180°, since for both cases the shape of the cut fibre on the slice surface will be the same, see Fig. 7 . This is not a problem of the applied software, but fundamental to the analysis of 2D images, which can only contain limited information. Thus, the measured orientation distribution of fibres by photometric analysis needs to be checked by some additional approaches in slicing or by another measuring method. The authors would like to propose the following slicing extensions and an alternative method:
-Slicing extensions -DC-conductivity measurements, which is one of the subjects of the present paper (see Sect. 2.4). -application of optimization algorithms for tracking the traces of a fibre left on the different images of slice surface. A short discission on this method can be found in [27] .
-Alternative method -X-ray computed tomography, especially lCT. This method has emerged as a powerful technique for non-destructive 3D visualization of the microstructural features of objects (see e.g. [5, 28, 29, 30] ). The method has also been used to study fibre and steel fibre reinforced concrete, e.g. by [11, 22, 31, 32] . The detailed study of SFRC structural parts employing lCT method is presented in [31] .
Slicing with DC-conductivity joined with photometry
The DC-conductivity testing can be used as an extension of slicing with photometry, as it uses the coordinates of the cut fibres on both sides of a slice from the image analysis.
Since the fibres are made of metal they have a good electrical conductivity. This phenomenon is taken as a basis for DC-conductivity measurements. To utilize this, a special robot was built by members of the Centre of Biorobotics. This robot scans the opposite surfaces of a slice and measures the electrical conductivity between the endpoints of the cut fibres. If the cross sections of the cut fibre on the opposite slice surfaces belong to the same fibre, then the current can flow and, hence, the coordinates are recorded. This method is conceptually different from the AC impedance measurements (AC impedance spectrometry, AC-IS), e.g. described in [18, 19] , which are sometimes also referred to as conductivity measurements. These impedance measurements described there are an indirect (a) (b) Fig. 6 Image of a slice Fig. 7 The ambiguity in the direction of fibres method by which only the average orientations and tendencies can be measured. In contrast to the referred, DCconductivity testing delivers the information about the orientation of each individual fibre.
Robot mechanics and set up
The target was to match the cross sections of the same cut fibres. The input data were the coordinates of the cross sections of the cut fibres on both sides of a slice and the output data should be the coordinates of the connected cross sections. The scanning robot has four linear axis and two probes. Each axis has a separate drive, so that the probes can be moved independently on a 2D plane: one probe on one side and the other one on the opposite side of a slice, see Figs. 8 and 9. Each probe is made of a spring, tube and a steel ball. As the contact area between the ball and slice surface is very small, the positioning accuracy should be at least the radius of a fibre, i.e. 0.5 mm. The Emc2 (Enhanced Machine controller) software [33] was selected to control the scanning robot. It is a free Linux software for computer control of different machines. The program was configured to control 4 linear axis at the speed of 10 mm per second. Two methods were considered for scanning slice surface. The one method was to scan the whole surface area (step 0.9 mm), which would take about 5 years with the present prototype. This time can be remarkably reduced by the incorporation of the photometry. Hence, the other method was to check only the coordinates of the cross sections of the cut fibres received in image analysis. This approach would take about 17 h with the existing prototype and assuming a constant speed of the probes. The second method was selected.
The scanning procedure has started from the determining of coordinates and choice of a zero point. The zero point was defined as the upper left corner of slice surface, see Fig. 10 . The coordinates for scanning were calculated utilizing the transformation from pixels to millimetres, i.e. pixel coordinates in the image of a slice were converted into coordinates in millimetres. The ratio between the pixels and millimetres depends on the distance from the centre of the image. This ratio decreases as the distance increases. If the transformation from the pixels to millimetres would be made linearly, then there would be a drift about ?1 mm from the correct coordinate relative to one edge and -1 mm to the other edge of a slice. Using the transformation formula in Eq. (2) the drift was reduced to less than 0.5 mm, which is required to establish the connection between the probe and the cross section of a fibre. Hence, the coordinates were recalculated using the following relation where x 1 is the final abscissa to the cross section of the cut fibre, x 0 is the initial abscissa to the cross section of the cut fibre, c is the abscissa to the centre-point of slice surface, h is a distance between the photo-camera and slice surface, see Fig. 11 . The ordinates were calculated following the same outline as in the case of abscissas.
As the scanning arms were fixed only on one end, the drag of a probe caused the arm to bend backwards. During one scanning cycle in order to keep the bending direction unchanged the arms were moved only in one direction. In this way, the accuracy was increased remarkably.
Larger holes/voids in the slice surface, due to air inclusions, have been filled with gypsum to prevent the probe from getting stuck.
Robot programming
The algorithm for the movement includes about 25000 different combinations. The G-code (DIN 66025/ISO 6983) for one combination is shown below:
The total G-code consists of about 180000 lines. Therefore, another simple program was written in C. This program calculates the range, where the cross section of the cut fibre may locate on the opposite slice surface and generates the G-code.
Fibre orientation analysis
Conductivity measurements were performed on the slice nr 11 (see Fig. 4 ), which belongs to the cube 1.1 (see Fig. 3 ). This choice was done in order to verify the statistics of fibre orientations in the slab, which has shown the highest bending capacity before the first crack appeared (see Fig. 2 ).
Once the scanning robot measures electrical conductivity between the opposite endpoints of the cut fibre , it saves and writes the coordinates (in Cartesian system) into a '.txt' file. The next step is to process the robot measured coordinates to get the directions of the cut fibres. This can be implemented by the subtraction of the coordinates on one slice surface from those on the opposite surface, the Eq. (3) represents this.
where 20 is a slice thickness in mm. Further the received directions in Cartesian coordinates are translated into spherical ones, which are used in the photometric analysis. The conversion from Cartesian coordinates to spherical coordinates is done according to [23] . The limit inclination angle is # c ¼ arccosð 
Results
Numerical estimates of the distribution parameters were calculated using specialized software [34] [35] [36] [37] [38] [39] [40] [41] [42] based on the R-programming language [43] , which is an environment for statistical computing and graphics. The Figs. 12, 13, 14 represent the most interesting features of fibre orientation (a) (b) Fig. 10 Zero point for scanning machine on the opposite sides of a slice Fig. 11 The transformation of coordinates from the pixels to millimetres distributions estimated by both photometric analysis and DC-conductivity measurements. Besides, the results obtained by two analysing approaches are compared (see Fig. 20 ).
Photometry
Based on the results obtained in R, some important features were observed in the density functions of the angles # and u. Quite interesting results have emerged, when matching the received density functions with common distribution laws. In our study the two-sample bootstrap KolmogorovSmirnov test is used for this purpose, see Table 1 . More close discussions on this issue are presented in Sect. 4.4.
DC-conductivity testing
In the conductivity measurements by the robot, 201 connections out of 25000 possible combinations were found.
The scanning took about 36 h. The time differed from the initially proposed since only the acceleration of a probe was considered. The actual movement of a probe is composed of both acceleration and deceleration. Therefore, the scanning time was longer.
Discussions
Error estimation: photometry
To give a representative evaluation of the distribution parameters of the angles # and u it is necessary to operate with the number of fibres contained in an element with a given volume. During the slicing process the cubes are cut into 20 mm thick slices, see Fig. 4 . This means that a whole single fibre may be cut at least into two parts, as the length of a fibre is 50 mm. If the statistics would take into account the surface of each slice, then the same fibre will be accounted up to 4 times, as the trace/cross section of the cut fibre might appear on 4 surfaces/images, i.e. 20 mm is the thickness of the first slice, 8 mm is the loss of the material during the cutting and 20 mm is the thickness of the next slice. Therefore, in order to account the fibres within the given volume only once, during the statistics only every fourth surface/image is taken into account. In (c) Fig. 12 Photometry. Cube 1.1 (reduced). Probability density histograms (a),(b); bivariate density of the inclination # and shifted in-plane u angles (c). In (a) skewness and kurtosis compared with the Normal distribution-dashed line Fig. 15 there is a comparison of the whole cube versus the reduced cube. As it can be seen, the distributions have the same tendencies. In general, while using the slicing method, the ratio between the thickness of a slice and the length of used fibres should be considered. The shorter the fibres are the thinner the slices should be. But the minimum thickness of a slice will still depend on a type of used equipment, i.e. cutting method (diamond saw, water jet cutting, laser etc.). The maximum thickness of a slice depends on a method of reconstruction of fibre orientations. While using pure slicing (the measurement of the arrangement of fibres utilizing photometry technique only) the maximum thickness of a slice is conditioned by the length of an aligned fibre plus some short distance, which guarantees that the trace of a fibre appears only on one slice surface. In the case of the 'tracking the trace' of a fibre the slice should be as thin as possible, but the maximum will be still proposed by the fibre length. In the inclined state (inclination angle can be conjectural) the fibre should leave at least three traces, i.e. the one trace per slice surface, see Fig. 16 . The first two traces are to form the potential straight line and the third one is for checking of the line, that was just created. DC-conductivity measurement is more close to trace tracking, but here only two traces are enough. The precision of the results depending on the resolution of the image in photometric analysis is highlighted in [27] . The accuracy of photometric analysis can be raised by the polishing of slice surface. More detailed discussions on this improving method is given in [8] .
Error estimation: robot Possible sources for an error in the measured orientation of an individual fibre are: -input coordinates from photometry: accuracy of fibre coordinates is about 1 px, drift after correction up to ±0.5 mm -probe not in the centre of the fibre trace: the maximum error in the measurement of # angle can be 2.9°, see p-values printed in bold are those who come closest to the threshold or are above it (a) (b) Fig. 15 Photometry. Probability density histograms of the inclination angle # in the cube 2.2 Fig. 16 The idea of tracking the trace of a cut fibre Fig. 17 The maximum error in the measurement of # angle An error from one step size of a probe has a minor influence on the precision of measurements while the influence of an error arising from the conversion of coordinatespixels ) millimetres-has the main impact.
-touching fibres: if the fibres are touching, then it is possible to have the conductivity, even if the traces on opposite surfaces belong to different fibres. This seems to be a rare event, as the statistics from the photometry and DC-conductivity testing have the similar tendencies. -hooked-ends of the fibres: if one cut appears to be within the hooked-end of a fibre, this can lead to a\10°e rror in the orientation of this fibre, depending on the thickness of a slice and angle of the fibre.
-slightly curved middle part of a fibre, see Fig. 1 . This can lead to an error below 2°-3°in the fibre orientation.
The last two points are of the same magnitude as for example in lCT measurements (compare [31] ), where the orientation is also determined by an end-to-end direction of a fibre segment. Additionally, there is one factor affecting the measured orientation distribution: the probability of measuring a fibre is #-dependent and the large inclination angles are underestimated. The probability for one fibre to ''leave a trace'' on the second surface, under the condition that it ''left a trace'' on the first surface, is p ¼ max cos # À slice thickness fibre length ; 0
The diagrams presented in this paper are not corrected for this.
DC-conductivity robot: limitations and possible improvements
The effectiveness of conductivity measurements can be increased, e.g. by the robot improvement. The robot scanning speed depends on the average moving speed of a probe and the average distance between the cross sections of the cut fibres. If one would use the larger step motors and higher voltage, then the acceleration and the average moving speed will be increased. The average distance between the cross sections of the cut fibres may be minimized by the calculation of an optimal trajectory when creating the G-code. The scanning accuracy can be improved by the adding of a slider and synchronous winding lathe to the other end of the horizontal axes (see also Fig. 8 ). The latter mean should be done, if an optimal trajectory is used. Another option to decrease the scanning time is to use several probes in parallel, see Fig. 18 . Thus, much wider strip can be scanned at once. In principle, one can simply build a more powerful robot or use several robots at once, which would be able to scan much larger areas, i.e. several metres within comparable or shorter time.
General tendencies in fibre orientation distributions
One of the noticeable tendencies in the distribution of the inclination angle # is the slight bimodal compartment in the density function, see Figs. 12a, 14a, 15. Bimodal or multi-modal distributions have more than one local maximum in contrast to uni-modal distributions 1 , see Fig. 19 . Bi-modality of sample distribution is often an indication, that the considered distribution is not Gaussian. Besides, the bi-modality can often show that the sample is not homogeneous and observations are generated by two or more 'overlap' distributions. The tendency of the density function of the inclination angle to bi-modality was noticed among all cubes analysed by photometry and also the same behaviour was observed in the statistics of DCconductivity.
Based on the diagrams of bivariate density distributions one may see that the side cubes have the elongation of the distribution in the direction of the u angle (see Figs. 12c,  14f) , what means smaller deviations in the # angles. This matter can be caused by the wall effect. Bivariate density distributions of the central cubes have more symmetric shape, i.e. elongated along the # angle as well as along the u angle (see Fig. 13c ). Following from the shapes of bivariate density diagrams the point of maximum densities in the side cubes is located in the lower left sector and in the centre cubes in the middle of the diagram.
For testing, if the measured data follow a common distribution, the Kolmogorow-Smirnow-test (K-S test) with a significance level of a = 5 % as threshold was chosen. According to the results of the bootstrap K-S tests (function ks.boot from [34] ), see Table 1 , only the distribution functions of the central cubes have passed the testing; however, a passing of the test is not a confirmation that the data follow this distribution, just that there was not enough evidence to reject it.
The p-values e.g. in the cube 1.2 are: Inclination angle #: The statistical test with the null hypothesis of Gumbel distribution: p-value = 0.04, which is close but still below the threshold of 5 % () distribution rejected)
In-plane angle u : The statistical test with the null hypothesis of Gauss distribution: p-value = 0.17, which is higher than the threshold of 5 % () distribution not rejected)
None of the distribution functions of the side cubes have passed the testing and hence all null hypotheses (H 0 ) should be rejected [44] , although it should be noted that the Log-normal and Weibull distributions received higher p-values than the other tested distributions. The most important consequence of the performed statistical tests is, therefore, the fact that the distribution of the inclination angle # is not according to the Normal distribution, in contrast to the statement made in [9] . The difference in distributions between the side and central cubes is obviously caused by the wall effect and rheology.
Influence of DC-conductivity testing on the results of photometry As the slice measured by the robot may be considered as a sample of the population represented by the cube, the distribution parameters of the cube 1.1 and slice 1.1.11 should show the similar tendencies, if the sample is representative. If this is not the case, then it can be concluded that there is a strong locality of the studied material. In this Section the distribution parameters of the slice and the cube are compared, see Fig. 20 .
Following from the diagrams of the differences (see Fig. 20 ), a quite similar behaviour in the density functions can be noticed. Both analysing approaches gave a positive skewness in the probability density function of the # angle. Bivariate density diagrams are also resembling, i.e. elongated along the u angle, see Figs. 12c, 14f. This can lead to the conclusion that the material properties vary within the slice plane or only on a longer length scale than the cube dimensions.
Concluding remarks
The main idea of presented study is to give the consistent statistical and quantitative (in case of DC-conductivity, see Sect. 2.4) evaluation to fibre orientations, which can further be employed in governing equations, and to introduce feasible measuring methods for fibre orientations in hardened concrete matrix.
As it was noted in Sect. 1, the effectiveness of fibres largely depend on their orientation in the direction of the relevant tensile stress. This orientational component can be modelled mathematically using e.g. some simple trigonometric function [9] or calculating the alignment tensors [31, 45] . In the case of trigonometric function the orientational component may be calculated as the orientation number (ON)-average projected length of fibres in cross section onto the normal of the cross section divided by the fibre length [9] . Another possibility is the use of the orientation profile (OP), which is defined as the frequency of occurrence of the inclination angle in percentage, assuming that it follows the Normal (Gaussian) distribution with respective average and standard deviation. From this one can calculate the amount of fibres at any given inclination Fig. 19 Comparison of the measured density distribution of the inclination angle with a bimodal density distribution, constructed by a superposition of two normal distributions angle. Although, both the ON and the OP are inconsistent with material frame indifference and objectivity conditions [46] , as they depend on the projection direction and have no tensorial character. Material frame indifference is closely connected with observer-invariance and material properties, which must not depend on the projection direction. Objectivity condition is related to objective quantities, which should transform like tensor components under changing the observer. The use of the alignment tensors for calculation of the orientational order in SFRC is highlighted in [31, 45] . Essentially, the concept of the alignment tensors is widely used in the theory of liquid crystals [46, 47] , where the orientation of molecules is also relevant. The remark made in Sect. 2 that the difference in capacity of the slabs was caused by different fibre orientations did not find a proof, since the distributions of the angles # and u were roughly the same in all photometrically analysed cubes. This result is significant since it pointed out not only the importance of the orientation of fibres, but also the relevance of the rheology and quality of the fresh concrete mass.
Coupled measuring approaches in slicing methodphotometry with DC-conductivity-introduced in this article and lCT scanning are likely to be used in the quality control while producing SFRC products. The presented methodology may be efficiently used in the case of pre-cast structural elements as the production mode in a factory is more controllable and even. The slicing method may be preferably used for straight and hooked-end fibres. In the case of corrugated fibres this method probably will not give good results, since the tracking/reconstruction of the full length of a fibre will be a very tricky task. When applying the slicing method one should surely take into account the ratio between the thickness of a slice and the length of a fibre, see Sect. 4.1. The given article is mostly devoted to the slicing method, where two analysing approaches are joined together. Consequently, the coordinates received in the image analysis were used as the input for DC-conductivity. Such joint work has shown very good results as it allowed to speed up the scanning time and eliminate the ambiguity of the inplane angle in the case of photometry (see Sect. 2.3). The effectiveness of the alliance of the photometry with DC- conductivity has been proved by the concepts and results presented in this article. The success of the consolidation of image analysis with robot scanning also lies in the price. In the present experiment, the cost of the robot was about 200 Euro. This price is several orders of magnitude lower than the price of lCT equipment. The improved robot version may cost about 2000-5000 Euro, depending on the implemented improvements.
